A detailed analysis of metaphase I of meiosis in pollen mother cells of A Ilium porrum has confirmed that despite frequent quadrivalent pairing (71 per cent) at prophase I and a high mean chiasma frequency (3.5 per tetrasome), the majority of quadrivalents are resolved into bivalent associations at metaphase I. The present observations also support the view that quadrivalent resolution results from the pronounced proximal chiasma localization found in this species. HGwever, neither chiasma localization nor quadrivalent resolution are as prevalent as most previous reports have indicated. About 2 per cent of chiasmata, considerably more than in previous studies, occur in nonproximal chromosome regions in this material, while 12.9 per cent of metaphase I cells contained one or more multivalents, again exceeding most previous estimates. Meiotic regularity in this material was also disturbed by an unexpectedly high frequency of univalents. Overall 25.8 per cent of cells contained one or more univalent pairs, giving an overall mean of 0.32 univalent pairs per cell. It appears that meiosis in the leek is less regular than previous reports have indicated. The implications for fertility, stability and uniformity are not trivial and ought to be considered in the context of leek production and breeding.
Introduction
A detailed reinvestigation of prophase I chromosome synapsis in the tetraploid leek, A/hum porrum, (2n = 4x = 32) based on electron microscopy of surface-spread meiocytes has confirmed the earlier finding by Levan (1940) that quadrivalent synaptic associations occur frequently at this stage (Khazanehdari et at., 1995) . The higher resolution of electron microscopy permitted the first detailed quantitative analysis of synaptic behaviour in A. porrum, which indicated a mean prophase I quadrivalent frequency of 5.68 per cell (71 per cent quadrivalents).
Meiosis in A. porrum, and in its close relative and possible wild ancestor A. ampeloprasum, is notable because despite their propensity for quadrivalent formation at prophase I, virtually all these quadrivalents are resolved into bivalents by metaphase I. Levan (1940) and subsequent investigators and commentators (e.g. Gohil & Koul, 1977; Jones, 1990) realized that this remarkable behaviour is a consequence of the pronounced proximal localiza-*Correspondence tion of chiasmata in these species. Most chromosomes are associated by two very proximal chiasmata. As pairing partner switches (PPS) are unlikely to occur precisely between two proximal chiasmata, the main condition for quadrivalent retention is not met and, as a result, quadrivalents fall apart into two bivalents having characteristic cross shapes because of their very proximal chiasmata ( Fig. 1) .
Previous studies have observed that quadrivalents do occasionally persist into metaphase I, but this has been generally reported to be a quite rare occurrence (Levan, 1940; Koul & Gohil, 1970; Gohil & Koul, 1977; Wajahatulla, 1994) except for one smallscale study by Kadry & Kamel (1955) who noted five quadrivalents in 26 metaphase I cells. As part of this current reinvestigation of meiosis in the leek, the EM analysis of prophase I synaptic associations has been followed up by a careful analysis of metaphase I chromosome associations. The previously described situation of almost universal bivalent formation at metaphase I, with only rare instances of multivalent retention was not confirmed. Multivalents occurred much more frequently than previously recognized and, in addition, univalent pairs were 186 )< Fig. 1 The origins of different metaphase I configurations in A/hum porrum, showing various prophase I situations and their metaphase I outcomes. In all cases shown a single PPS is present at prophase I. When all chiasmata are proximally localized (a and c) PPSs usually occur nonproximally leading to quadrivalent resolution and the appearance of bivalent pairs with proximally localized chiasmata at metaphase 1(a); rarely a PPS may occur at or near to the centromere so that it is flanked by proximal chiasmata leading to star-shaped quadrivalent formation at metaphase I (c). Occasionally, nonproximal chiasmata occur, leading in some cases to chain quadrivalents (b). 0: centromeres; X: prophase I chiasmata; •: metaphase I chiasmata.
unexpectedly present in a proportion of cells. This paper also considers the conditions required for quadrivalent retention and the appearance of univatents at metaphase I. The implications of this pattern of meiotic association for fertility, stability and uniformity of leeks are discussed.
Prophase I synapsis and metaphase I associations: theoretical considerations
The general relationship between prophase I synaptic associations and metaphase I configurations in tetraploids is well known and has been discussed at length by earlier writers (Sybenga, 1975; Jones & Vincent, 1994) . For prophase I quadrivalent synaptic associations to persist to metaphase they must contain sufficient appropriately placed chiasmata. So, for example, in the simple situation of a quadrivalent having a single PPS, at least three chiasmata must be present and distributed in such a way that
The Genetical Society of Great Britain, Heredily, 76, [186] [187] [188] [189] [190] [191] chiasmata occur on either side of the PPS. Given a widespread distribution of chiasma positions and PPS locations, there is a reasonably high probability that these conditions will be met, leading to quadrivalent maintenance at metaphase I. Quadrivalent retention is even more likely when chiasmata are distally localized, which is a common situation in many plant species.
The situation in the tetraploid leek is unusual because of its marked proximal chiasma localization.
Usually the four chromosomes in a tetrasome are associated pairwise by chiasmata located immediately adjacent to and on either side of the median or submedian centromeres. This clustering of chiasmata makes it most unlikely that any PPS will be flanked on either side by chiasmata thus removing the chief condition for quadrivalent retention. As a consequence the quadrivalent will fall apart into two bivalents at metaphase I ( Fig. la) . Nevertheless, a PPS may, rarely, be located at the centromere region inbetween the sites of proximal chiasmata. This will generate a particular type of 'star-shaped' quadrivalent having eight chromosome arms radiating out from the centromerically clustered chiasmata and PPS (Fig. ic) (1940) and Koul & Gohil (1970) also indicated that chiasma localization was incomplete, although the incidence of nonproximal chiasmata was considerably less in those studies than in the present study. Levan (1940) reported only three instances of nonproximal chiasmata in 250 cells at metaphase I, which is many fewer than found in the present study even allowing for possible differences in the criteria used for defining proximal versus nonproximal chiasmata.
Metaphase I configuration frequencies
As expected, bivalents were the predominant chromosome configuration at metaphase I (Fig. 2 and Table 2 ). The overall mean bivalent frequency was 15.43 per cell, which means that 96.4 per cent of all chromosomes were associated as bivalents at this stage with relatively little variation between plants or varieties. So, despite the preponderance of multivalents at prophase I, relatively few of them persisted to metaphase I. However, the frequency of metaphase I multivalents in this material, although much reduced compared with prophase I, is not trivial and considerably exceeds most earlier reported frequencies for the leek. Most metaphase I nuclei contained no multivalents at all, but 12.92 per cent of cells contained either one or two multivalents (Fig. 2) . The mean frequency of multivalents, overall, was 0.13 per cell of which virtually all were quadrivalents. In fact, only two instances of metaphase I trivalents were encountered among all the cells analysed. The majority of metaphase I multivalents (78 per cent) were chain or ring configurations, dependent on one or more interstitial or distal chiasmata for their retention. Only 22 per cent of multivalents were of the star-shaped type involving proximal chiasmata and centromerically located PPSs (Figs lc and 2c) . This again contrasts with Levan's (1940) study in which he reported a much lower quadrivalent frequency, with only 2.6 per cent of cells at metaphase I containing quadrivalents, compared with 12.92 per cent of cells in the present study. Furthermore, the majority of quadrivalents in Levan's study were of the star-shaped type whereas these were relatively infrequent in the present study.
These differences and other differences in the chiasma data, indicate that Levan's material probably differed quite markedly from that analysed now, with regard to the proportion of nonproximal chiasmata, the incidence of multivalents at metaphase I and the proportions of quadrivalent types. This is not entirely surprising as the four varieties included in the present study show some variation for all An unexpected feature of the metaphase I cells was a surprisingly frequently occurrence of univalent pairs, which were of two distinct morphological types (termed A and B). Type A univalents showed the classical univalent phenotype and occurred as separate and unconnected univalents occupying random locations in the cell (Fig. 2a) . The other type (B), while being clearly achiasmate remained loosely associated by 'sticky' connections. Although both univalent types were observed in all plants, type A were considerably more frequent (Table 2) .
Although the majority of nuclei in all varieties contained no univalents, the percentage of nuclei containing at least one pair of univalents was surprisingly high, ranging from 17.35 per cent to 35.02 per cent in different varieties with an overall mean of 25.81 per cent of nuclei. Because some cells contain two or more (up to four) pairs of univalents, these percentages under-represent the univalent frequencies. The overall mean frequency of univalents was 0.32 per cell (range 0.21-0.52 in different varieties). However, the four varieties analysed did not differ significantly as regards univalent frequency (yR3,11 <1) which emphasizes that this is a general feature of all the material examined in this study. Surprisingly, univalents were not reported, or only very infrequently, in earlier studies (e.g. Levan, 1940; Koul & Gohil, 1970; Wajahatullah, 1994) apart from the study by Kadry & Kamel (1955) which reported three univalent pairs among 26 cells. Synapsis was generally complete or nearly so in all the prophase nuclei examined in the course of this study and consequently metaphase I univalents cannot be attributed to pairing failure (asynapsis).
The relatively high mean chiasma frequency observed in this material is adequate to maintain all chromosomes as bivalents or multivalents, provided they are appropriately distributed among the paired regions. It has been argued that the meiotic system of the leek, involving a high degree of proximal chiasma localization, ensures almost invariable bivalent formation at metaphase I which in turn results in regular chromosome disjunction and the production of euploid balanced chromosome sets (Levan, 1940; Koul & Gohil, 1970; Gohil 1984) . The leek is therefore regarded and frequently cited as an example of a tetraploid which enjoys a high level of fertility and stability as a consequence of its unusual meiotic behaviour. The present study requires a reassessment of this view. All four leek varieties studied revealed unexpectedly high frequencies of multivalents and univalents at metaphase I, despite the overall preponderance of bivalents. Univalents are notoriously irregular in their disjunctional behaviour at anaphase I and anaphase II, and their presence is very likely to cause the production of aneuploid meiotic products and aneuploid zygotes. Although quadrivalents are less likely to cause disjunctional problems, as they can disjoin 2:2, it is known from other systems that they do not always behave so obligingly and 3:1 nondisjunctional separation can also result (Sybenga, 1975) . The simple observation that 40 per cent of metaphase I cells in the leek
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